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ABSTRACT
In this study, the brand-new micropropulsion system is introduced to cover the thrust performances shorthanded by the exiting systems. It uses water as an oxidizer and a magnesium wire as a fuel. We constructed
the lab-scale model of this micropropulsion system, and conducted several experiments to obtain the reaction rate of magnesium wire in water-vapor flow. Reaction rate showed almost proportional dependence
on water-vapor mass flow rate. We constructed the revised version of lab-scale model, and will continue
experiments for detailed analysis of combustion.
INTRODUCTION

sium is the key point of this system. It realizes the
compact installation of the fuel and makes the supply to the combustor easy in addition to overcoming
the problems listed above. Furthermore, safety is
guaranteed by two factors, the cehimal stability of
substances themselves and separate storage of them
in the system. Both propellants are superior to the
other so-called ”green propellant”, such as HAN or
ADN based ones, in that they don’t need any mixing
processes.
In this study, we show mainly three contents concerning the magnesium-water micropropulsion system. First is the experimental results of the micropropulsion system lab-scale model. Second is the
theoretical thrust performances calculated based on
the experimental results. Third is the discussion on
the system design for the future application.

Micropropulsion systems using water as a propellant have been developed all over the world these
days. Water has an advantages of high safety and
high availability. Being in liquid phase under standard temperature and pressure could reduce system
pressure compared to the gas propellants, and could
eliminate the heavy structure. These properties contributes to the short-term and low-cost development.
In addition, water has wide applicability of water to
many kinds of propulsion systems such as an electrolysis thruster, hall thruster, rejistojet thruster,
and ion thruster, which enables the unified propulsion systems in the future.1–5 However, there is a
limitation of thrust performances covered by those
water-propelled micropropulsion systems. Particularly, propulsion systems with thrust range on the
order of 100 mN and specific impulse on the order
of 100 s are shorthanded.
One of the new candidates overcoming those
problems is using water-magnesium combustion for
generating thrust. Besides the micropropulsion systems, there are several studies regarding the combustion.6–10 Most of them dealt with magnesium
powder. Powder-form is difficult to handle as a propellant of micropropulsion systems for two reasons.
First is the possibility of accidental dust explosion,
which declines the safety property. Second is the
necessity of additional carrier gas to supply powders
into a combustor, which leads the increase of system
pressure and install of a heavy tank. From these perspectives, Akiyama proposed the brand-new propulsion system using water as an oxidizer and magnesium wires as a fuel.11–13 A “wire-shaped” magneAkiyama

LAB-SCALE MODEL EXPERIMENT
This experiment was to obtain the operating
point of combustion. The lab-scale model was constructed. Figure shows the schematic of lab-scale
model. Its gas line was composed of a water tank,
a combustor, several valves, an orifice, and a rotary pump. A wire feeder was used for supplying
a magnesium wire to the combustor. This feeder
is composed of two rollers, one of which was driven
by a motor. The model was set in the atmosphere.
Those components are connected by stainless steel
pipes wrapped by heaters. The water tank contains
liquid water and an electric immersion heater in it.
Turning on and off of the heater was controlled by
a temperature controller referencing the water temperature. The magnesium wires used in this study
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were with a diameter of 0.8 mm, made by pure magnesium. The length was several ten centimeters. Inside the combustor, the magnesium wire and water
vapor reacted. The overall reaction formula is
Mg + H2 O → MgO + H2 .

(1)

When ignition, the magnesium wire was heated by
alternating-current discharge with the other electrode. An orifice plate was set to control the mass
flow rate of water vapor.

Figure 2: Appearance of orifice plate
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To obtain the reaction rate of magnesium wire,
the mass of burned magnesium and combustion period were needed. Wire length was measured before and after each trial. Combustion period was
obtained from the movie during each trial. The reaction rate was obtained,

Water
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ṁMg =

(2)

dMg is the diameter of magnesium wire, ρMg is the
density of magnesium, lMg,i and lMg,f are the initial
and final length of magnesium wire. This time, the
water vapor mass flow rate was calculated using the
equation,
s
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Figure 1: Conceptual diagram of lab-scale
model

The experimental procedure was as follows. Before each experiment, a magnesium wire was set to
the combustor. To supply water vapor, beforehand,
the gas lines were heated up to above 100 ◦ C. Heating was to prevent the water vapor condensation.
Then, the gas lines were exhausted to make a vacuum, and water heating was started. The gas space
of water tank was filled with saturated water vapor.
Liquid and gas water were separated by gravity, and
only water vapor was supplied to the combustor. After water-vapor flow was made, the discharge was
started, and magnesium wire was ignited. The magnesium wire continued combustion after turning off
the discharge.

Where K is the flow coefficient, pc is the combustor
pressure, Ao is the orifice hole area, Rw is the gas
constant of water vapor, Tw is the temperature of
the combustor wall, and γw is the specific heat ratio. In this experiment, K is assumed 0.9. There are
three assumption:
• water vapor is the ideal gas without condensation,
• the flow is one dimensional and chocked in the
orifice,

The experimental parameters were orifice hole
number. This led to the mass flow rate change of
water vapor. Figure 2 shows the appearance of the
orifice plate. The plates had some 0.5-mm or 1-mm
diametered holes on them. In this paper, three types
of orifice plates were used, which had one or three
0.5-mm diametered holes, or which had one 1-mm
diametered hole and one 0.5-mm diametered hole.
Akiyama
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• and combustion gas contains only water vapor.
Results and Discussions
Figure 3 shows the appearance of combustion.
White intense flash was observed when magnesium
wire was burning. Figure 4 shows the dependence
2
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Revised Lab-Scale Model

of the magnesium wire reaction rate on water vapor
mass flow rate. It shows almost linear trend. When
the water vapor mass flow rate increases, the water vapor flow velocity also increases. Therefore, the
flame gets nearer to the wire. It leads to the increase
of heat input to the wire, making the reaction rate
larger.

Figure 5 shows the conceptual diagram of the revised lab-scale model. Things below were added, a
product trap and a water-vapor trap. The products
trap was to collect the falling products mainly composed of magnesium oxide. The water-vapor trap
was a cooled container to collect the unburned water vapor. When combustion, two valves leading to
the water vapor trap were opened, introducing combustion gas and unburned water vapor to the trap.
Wire mass was measured before and after each
experiment, not the length of wire. Those values
lead to the calculation of reacted magnesium wire
mass:

Though this experiments were successful, there
were some deficiencies. First was that the calculation of water-vapor mass flow rate had two bold assumptions that combustion gas only contains water
vapor, and that the flow coefficient was 0.9. Second
was that the experimental parameters and measured
values were not enough. In this experiment, only the
mass flow rate was changed, and only magnesium
wire reaction rate was calculated. They were insufficient for designing propulsion system. In order to
obtain the detailed parameters, the revised version
of lab-scale model was constructed.

∆mMg = mMg,i − mMg,f .

(4)

Additionally, the mass of water tank and watervapor trap were measured. The calculated mass differences are as follows:
∆mw,tank = mtank,i − mtank,f ,

(5)

and
∆mw,trap = mtrap,f − mtrap,i .

Decreased mass of the water tank ∆mw,tank contains
water mass exhausted before and after combustion,
reacted with a magnesium wire, and unburned and
then collected in the water-vapor trap. Exhausted
water vapor mass is calculated as

Figure 3: Appearance of combustion
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The difference between Eq. (3) was that we measured the temperature of the water vapor inside
the combustor. In addition, the flow coefficient K
was measured for each orifice and for combustor
pressure, and measured value was used for calculation. Though increased mass of the water-vapor
trap ∆mw,trap was obtained, this trap could not collect all the unburned water vapor. In this study, the
coefficient named trap ratio α was defined. Before
the combustion experiment, the trap ratio was also
obtained experimentally for each orifice. The actual
unburned water vapor mass was calculated as fol-
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Figure 4: Dependence of magnesium wire reaction rate on water-vapor mass flow rate
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lows:

CONCLUSION

∆mw,unburned =

∆mw,trap
.
α

This paper highlighted the experimental results
of the lab-scale model of magnesium-water micropropulsion system. We will continue the experiments to obtain the data for design and construction
of modularized system.

(8)

Using the obtained values below, the mass of reacted
water was calculated:
∆mw = ∆mw,tank − ∆mw,resistojet − ∆mw,unburned .
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Now we could obtain the averaged mass mixture ratio, such as
MR =

∆mw
.
∆mMg

(10)

Figure 6 shows the appearances of the revised
lab-scale model. Here we are conducting experiments, and will present the results of them in the
conference.
Orifice
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